Strain engineering is seen as a cost-effective way to improve the properties of electronic devices. However, this technique is limited by the development of the Asarro Tiller Grinfeld growth instability and nucleation of dislocations. Two strain engineering processes have been developed, fabrication of stretchable nanomembranes by deposition of SiGe on a sacrificial compliant substrate and use of lateral stressors to strain SiGe on Silicon On Insulator. Here, we investigate the influence of substrate softness and pre-strain on growth instability and nucleation of dislocations. We show that while a soft pseudosubstrate could significantly enhance the growth rate of the instability in specific conditions, no effet is seen for SiGe heteroepitaxy, because of the normalized thickness of the layers. Such results were obtained for substrates up to 10 times softer than bulk silicon. The theoretical predictions are supported by experimental results obtained first on moderately soft Silicon On Insulator and second on highly soft porous silicon. On the contrary, the use of a tensily pre-strained substrate is far more efficient to inhibit both the development of the instability and the nucleation of misfit dislocations. Such inhibitions are nicely observed during the heteroepitaxy of SiGe on pre-strained porous silicon.
. The epitaxial strain induced by the mismatch between SiGe and Si is still considered as the most efficient way to produce strain engineering that is a promising path for drive current enhancement by improving the electron and hole mobility in Si-based devices 11, 12 . Furthermore, most of the physical and structural properties of SiGe can be continuously tuned with composition from 0 to 100% Ge concentration. This is particularly true for the lattice constant and epitaxial strain which varies linearly with Ge concentration offering a cost-efficient way to produce controlled strain-engineering systems in order to controllably enhance electronic transport properties like charge carrier mobility, carrier confinement effects etc 13, 14 . Various systems including superlattices, core-shell nanowires, quantum dots, nanocrystals that have been suggested as high-performance materials have failed to meet that challenges mainly because of the strain-related behaviours such as elastic relaxation by Asarro Tiller Grinfled (ATG) growth instability or Ge hut islands nucleation, plastic relaxation by nucleation of dislocations and chemical relaxation by strain-driven interdiffusion 15 . The use of a compliant substrate for the epitaxy of SiGe layers could be an elegant and low cost solution to control the strain-related behaviour [16] [17] [18] . In this context, the role of a template layer on the strain distribution and as a consequence on the ATG development and the nucleation of dislocations should be fully understood both theoretically and experimentally. The template layer with specific elastic properties could be either soft/rigid and/ or pre-strained, acting as a compliant substrate.
Alternative approaches have been explored to enhance devices performances. In particular, nMOS and pMOS devices are now built on Silicon On Insulator (SOI) substrates. Their improved performances result mainly from the reduction of parasitic device capacitance, and leakage current. In addition, the introduction of strained silicon, in particular with the epitaxial growth of Si on Silicon Germanium (SiGe) fully strained layers, could significantly improve the mobility of both n and p channel devices. Moreover, fabrication of ultra-thin Germanium On Insulator (GOI) substrates plays also an important role in <10 nm technology node and beyond. In such approaches, it is mandatory to determine the level of biaxial strain in Si and SiGe layers and to predict the strain relaxation (Ge interdiffusion, dislocation nucleation etc.) induced by subsequent processing steps. In parallel, it has been suggested that SOI could behave as a compliant substrate which could suppress the development of the ATG instability and allow full strain relaxation by fluency gliding at the interface [19] [20] [21] [22] [23] [24] . Epitaxial SiGelayers on buried oxide are then under intense scrutiny due to their applications in ultra-scales performance-augmented CMOS transistors [25] [26] [27] [28] [29] . The aim is to pursue the Moore's law by developing planar transistors based on ultra-thin Si/SiGe or pure Ge nanochannels on insulator (UTSGOI or UTGOI) systems [30] [31] [32] [33] [34] . One major hurdle is the elaboration of Ge rich layers fully planar and strained with perfectly controlled homogeneous strain, thickness and composition 35, 36 . So, the stability of SiGe layers and the mechanisms of strain relaxation in Silicium Germanium On Insulator (SGOI) are issues of crucial importance for the fabrication of the next generation fully depleted CMOS devices 25, 33, [37] [38] [39] . Further understanding of the strain relaxation on a soft buried oxide is then desired. In order to experiment over a wider range of parameters, porous silicon was used to provide an archetype model system since it has tunable elastic properties that controllably depend on experimental parameters (mainly pores density and shape) [40] [41] [42] [43] . Moreover, thanks to its unique properties such as distinctive photoluminescence, biocompatibility and active surface properties porous silicon could be compatible with Si microelectronic technology 44 . Our work mainly addresses the evolution of strain relaxation in SGOI layers. The effect of softness and pre-strain of the substrate on strain relaxation was studied. A combined theoretical/experimental study was carried out to determine the morphological evolution and nucleation of dislocation of epitaxial layers on soft SOI and porous silicon substrates. With a combination of well-chosen experimental and theoretical demonstrations we show that a compliant substrate (CS) could considerably modify the growth modes of heteroepitaxial layers. We first show theoretically that an elastically soft (rigid) substrate free of strain would enhance (reduce) the development of the growth instability while not affecting the nucleation of dislocations. In the case of SiGe heteroepitaxy, because of the presence of a thin silicon template layer (necessary for the epitaxial growth), the softness of the compliant substrate has almost no effect on the ATG instability. These theoretical predictions match experimental results on SOI and on porous silicon substrates.
With this work we normalize most of the experimental findings on the effect of compliant substrates reported in the literature. The combination of theoretical and experimental results provides new thinking dealing with substantive issues and methodologies that will direct and orient the process development for the implementation of SGOI systems into CMOS application. They can lead to the evolution of a new paradigm valid for other high-end systems.
Experimental
SiGe thin films were deposited by molecular beam epitaxy (MBE) on top of two different types of substrates made either of Silicon On Insulator (SOI) or Porous Silicon (PSi).
The SOI substrates (CEA-Leti, France) were fabricated by the Smart Cut(TM) process. They are single-crystal Si(001) films, with thickness 10 nm, bonded to a 12 nm thick SiO 2 layer on a standard Si(001) wafer. The porous silicon substrates were obtained by electrochemically etching of B-doped <100>-oriented Si wafers in a hydrofluoric acid (HF) solution 45 . The porous silicon layers used in this study have been fabricated by STMicroelectronics. They have a mean porosity ~60% (which corresponds to the maximum density of pores on which good reepitaxy can be processed). Experimental details of the electrochemical process are given elsewhere 46, 47 . Immediately after the electrochemical formation step, either the samples are loaded in the MBE machine after ex situ chemical cleaning (the samples are then named: PSi) or the samples are heated ex situ at high temperature between 900 °C and 1100 °C (they are then named: HTPSi), then chemically cleaned and loaded in the MBE machine after ex situ chemical cleaning. We used these two kind of porous silicon substrates, as grown (PSi) and after high temperature annealing (HTPSi). While PSi and HTPSi substrates have the same softness, the samples treated at high temperature (HTPSi) are tensily pre-strained.
The ex situ cleaning process follows a modified Shiraki recipe: (i) 10 min in HNO3 (65%) heated at 70 °C, (ii) 1 min in deionized water, and (iii) 30 s in HF (49%): H2O (1:10). To avoid contamination, the substrates are immediately introduced into the UHV MBE growth chamber RIBER MBE32 at the end of the chemical cleaning. Subsequently, the samples are thermally cleaned in situ at temperatures ~400 °C for 15 min before growth. They are then capped by a thin Si buffer layer 20 nm thick, which guarantees a flat and reproducible top surface. The mean root square roughness obtained after the buffer layer growth is similar to those of Si(0 0 1). This is followed by the epitaxial growth of SiGe layers of different thickness using solid source molecular beam epitaxy with a background pressure in the 10 −11 torr range. Si was evaporated from an electron gun evaporator and Ge is evaporated from an effusion cell. Beam flux and SiGe compositions are calibrated in situ by reflection high energy electron diffraction (RHEED) oscillations. The Si buffer layer is deposited at 700 °C, while SiGe layers are deposited at 550 °C. At the end of the fabrication process, all the samples are containing the CS i.e.SOI or porous silicon, the Si buffer layer and the SiGe thin film.
After fabrication, all the samples were observed by atomic force microscopy (AFM), using a PSIA XE-100. AFM was used in noncontact operation mode in air, with a NCHR-50 tip model for very high-resolution imaging; its typical radius is about 8 nm.
Details on the structures are obtained by Transmission Electron Microscopy (TEM) using a FEI Tecnai G2 and a FEI Titan 80-300 with Cs corrector in TEM and Scanning Transmission Electron Microscopy (STEM) modes. Cross-section samples are prepared using a dual-beam FIB HELIOS 600 nanolab or tripod polishing followed by PIPS thinning.
Results and Discussion
We first examine a geometry similar to the experimental configuration where the effect of the stiffness of the compliant substrate is maximal. We thence consider a three-layer system with a semi-infinite compliant substrate (CS), a thin silicon buffer layer (of thickness e) and an epitaxial SiGe layer (of thickness h). Details and ingredients of the theoretical model were given elsewhere 48 . The SiGe film has a lattice parameter (a . For simplification, we consider that the CS has the same lattice parameter as Si. The system is supposed to be coherent and to be described by linear isotropic elasticity in the different layers and we only account for the difference in Young's modulus [49] [50] [51] . While the SiGe and Si Young's modulus are supposed to be similar (equal to Y), the CS stiffness is Y CS = sY, with 0.1 ≤ s ≤ for a relatively soft CS and 1 ≤ s ≤ 10 for a rigid substrate. The displacement vector is solution of the equilibrium equation ∇.σ = 0 where σ is the stress tensor, with the boundary condition of a stress-free film surface σ.n = 0 where n is the normal to the surface.
In the case of a flat film (with a free surface defined by = = + z h e h), the forces, the stress tensor, the displacement gradients, etc., are independent of xand y and the general solution for the Navier equation is merely:
0 with a constant tensor a and vector b. It is associated with an energy density in the film:
When the film surface is corrugated, it is convenient to search for u in Fourier space along r = (x, y). We thence consider a free surface defined by = + h h e 1 may be found exactly in the small-slope approximation. We eventually find that the elastic energy density on the surface is at first order: The elastic energy density depends both on the Young's modulus ratio s and on the total film/buffer thickness h. The model describes the driving force for the morphological instability which is the strain relaxation in the film. However, the energy gain due to the elastic relaxation in the film δE film < 0 resulting from the film corrugation, is counterbalanced by an energetic cost in the substrate δE sub > 0, which is lower than |δE film | leading to a favorable balance. Since the energetic cost in the substrate δE sub is proportional to its Young's modulus the development of the instability is favored on a soft substrate, leading to the instability enhancement while the opposite behavior occurs on a rigid substrate i.e. a lower development of the instability and higher strain energy in the system. Moreover, the evolution by surface diffusion of the film surface h(x, y, t) is dictated by the general diffusion equation:
with the diffusion coefficient D and the chemical potential μ on the surface 52 . The latter is the sum of the elastic energy density on the surface and the capillarity energy cost −γΔh at first order, with the surface energy γ. With this set of equations, the harmonic initial condition:
where the growth rate is:
2 3 4 where k is the wave-vector. If the k 4 -term is only affected by corrections due to the stiffness, the k 3 -term which drives the instability is multiplied by (i) 1/s related to the CS softness and (ii) (1−η/m) 2 related to the CS pre-strain. The first effect clearly enhances the instability when s <1, while the second slows down the instability when a tensile pre-strain (η > 0) is present.
If we consider the development of the instability for four values of s between s = 0.1 and s = 10, we see that the instability is considerably enhanced when s is small, i.e. for a softer CS (smaller Young's modulus) and it is inhibited when s increases i.e. for a more rigid substrate (larger Young's modulus). However, the amplitude of this effect is function of the total thickness h of the system (typically in our system it is the thickness of Si buffer + SiGe layer) rationalized by the wave-length of the instability h l ( / ) 0 (Fig. 1) . As a consequence, in standard conditions of SiGe heteroepitaxy (with a Si buffer layer h ~ 50 nm deposited prior to the epitaxy of the SiGe layer), when considering the critical thickness of ATG development (h ATG ) for the whole range of Ge compositions, we find
. In these experimental conditions, s is expected to have a much smaller effect on the development of the ATG instability (Fig. 1b-c) than for other systems that provide
We can see for instance a strong enhancement (inhibition) of the ATG instability when s = 0.1 (s = 10) for = . h l / 03 0 (Fig. 1a) . We will see in the next parts that this condition is hard to reach with SiGe epitaxial layers. To evaluate this effect we consider experimentally two different substrates: SOI and porous silicon.
Effect of a soft substrate: the case of silicon on insulator (SOI).
In order to determine the effect of the softness of the SOI substrate which is elastically softer than bulk Si we consider the epitaxy of SiGe on SOI. The elastic softness of the SiO 2 underlayer gives (s ~ 0.5) and the system is initially unstrained (η = 0).
In these conditions, we compare the growth of SiGe layers on SOI and on bulk Si(001). A schematic representation of the systems considered is given Fig. 2a,b . The aim is to determine the influence of the SOI softness on the development of the ATG instability. Experiments are carried out on different configurations of SOI substrates with SiO 2 layer thickness varying from 10 nm to 240 nm. No effect of the SiO 2 thickness could be observed. To facilitate the TEM visualisation of all the system's layers, we only present here the results on ultra-thin SiO 2 layer. We choose high concentration layers (x = 0.5) to exemplify the mechanism. The nominal deposited thickness of SiGe layers is chosen larger than the critical thickness for the development of the ATG instability (h Si = 2 nm) but not too large to allow the softness of the substrate to provide an effect (h SiGe = 10 nm). With an ultra-small Si buffer layer thickness (h Si = 10 nm), it follows = h nm 20 and
. The morphology of the SiGe surfaces is shown in Fig. 2 .
While TEM conventional images are presented on Fig. 2c-f show Annular Dark Field (ADF) STEM images. This imaging mode gives a high chemical contrast which enlightens the SiGe layers morphology (bright layers on the images). We can clearly see that in the two situations the layers exhibit SiGe islands as commonly observed on Si(001) in these conditions. The corresponding bright field TEM images are given Fig. 2a and c. On a larger scale, the analysis of the surface morphology measured by AFM (Fig. 3) shows that the lateral size, the height and the density of the islands are almost the same in the two situations (~30 nm, ~3 nm and ⋅ cm 1, 5 10 / 11 2 respectively). This demonstrates that the morphological evolution of the layers (resulting from the development of the ATG instability) is the same on the two substrates. Consequently in these conditions, the softness of SiO 2 template layer cannot suppress the ATG instability. In these conditions, strain relaxation in the soft substrate is negligible as compared to bulk Silicon.
This experimental result is in good agreement with the theoretical results. The evolutions predicted by the simulations in the condition = h l / 2 0 (Fig. 1c) , for s ~ 1 and s ~ 0.5, comparison of the black-dashed curve and red curve, are almost similar. The effect of the non-slippery (totally rigid) Si/SiO 2 interface, which is not considered here, does not modify significantly the morphological evolution of the SiGe layer even if further simulations and experimental results would be needed to describe this situation.
Effect of a soft substrate: the case of porous silicon. In order to check on a larger range the effect of the softness, in this part we used porous silicon (PSi) whose Young modulus can be largely varied with the density of pores. In particular, a Young modulus two orders of magnitude smaller than bulk silicon (s = 0.01) was reported for a porosity of 90% 53 . For PSi with ~60% porosity, which is a reliable substrate for re-epitaxy, an estimation s ~ 0.1 is given. This value of s is much smaller than those of the SOI substrate tested in the part A.
We compared the morphological evolution of SiGe layers (x = 0.15) on Si(001) and on PSi(001) with 60% porosity. After deposition of 110 nm we can see that the surface morphology is about the same on the two substrates with an undulation of small amplitude and large wavelength (A = 10 nm; λ ~ 300 nm) (Fig. 4) . The undulation was measured using AFM images not shown here (see 54 for more details on the measurement process). The values obtained are representative of the commonly observed ATG instability during the growth of SiGe on Si(001) 55 . We can conclude that in these experimental conditions, while the PSi substrate is much softer, it has no influence on the development of the instability 41 . If we observe the corresponding simulation (for s = 0.1), we see that the instability could be considerably enhanced depending on h l ( / ) 0 . In our experimental conditions. h SiGe = 110 nm, e Si buffer = 20 nm, x = 0.15, = h n m 130
we then have = . h l / 14 0 (Fig. 1b) . Even if an increase of the instability is predicted theoretically (s = 0.1 corresponds to the black curve, as compared to the red one for bulk silicon s = 1), it cannot be quantitatively estimated experimentally even if a slight increase of the instability amplitude is visible on the TEM cross-section image of the SiGe/PSi system as compared to the SiGe/Si (comparison of the undulation amplitude between Fig. 4a and b) . The small difference between the two samples is explained by the growth fluctuations that could hide the different evolutions of the instability to a certain extent. These results demonstrate that in real experimental conditions for the SiGe/CS system, the softness (s = 0.1) of the PSi substrate has a very small effect on the development of the instability and is not sufficient to fully suppress the instability. More generally, for SiGe heteroepitaxy, it seems very difficult to get an effect of a compliant substrate unless we could realise the epitaxy on a much harder substrate. Typically values of s = 10 and = . h l / 03 0 would permit this cancellation (see Fig. 1a) . Such values cannot be reached with the SiGe/porous-Si or SiGe/SOI systems. Effect of a pre-strained substrate: the case of high temperature porous silicon. We consider now another situation where the substrate is both soft and tensely pre-strained. This situation corresponds to the PSi heated at High Temperature (HTPSi). It was demonstrated previously that during heating (at T >950 °C) a tensile strain is built-in HTPSi due to the desorption of the volatile species incorporated in PSi during the electrochemical fabrication process 56 . The pre-strain produces a decrease of the effective misfit experienced by the deposited SiGe layer. In this situation, the pre-strain has a dual role first the inhibition of the development of the ATG instability and second suppression of the nucleation of dislocations 45 . For example, a comparison of Si 1−x Ge x layers (x = 0.15) deposited on HTPSi and on nominal Si(001) is given in Fig. 5 . On HTPSi, the SiGe layer remains fully flat and free of extended defects up to h = 250 nm (Fig. 5c ) while on Si(001) it is already corrugated for h = 150 nm (Fig. 5d ). When h = 250 nm, the epitaxial film SiGe/Si(001) exhibit misfit dislocations that appear as square arrays of lines on plane view TEM image (Fig. 6a) while no dislocation are observed on SiGe/HT-PSi/Si(001) heterostructure (Fig. 6b) . Similar results were already observed in a previous study 50 . In these experimental conditions, the results are assigned only to the prestrain while the softness of HTPSi has been shown to have no effect (as already discussed in the previous parts).
We deduce from this section that a small tensile prestrain in the substrate could efficiently suppress the instability and has a significant visible effect. Moreover, we also observed that the tensile pre-strain inhibits the nucleation of dislocations. The effects observed agree with the theoretical calculations without considering any role of the softness. This result again confirms the negligible effect of the softness on the development of the instability at the opposite of a small prestrain.
Conclusions
In conclusion, we have shown that the effect of a compliant substrate on the morphological evolution of epitaxial layers is quite complex and could either amplify (when the substrate is soft) or inhibit (when the substrate is rigid) the ATG growth instability. However, this effect may be fully suppressed by the normalized thickness of the system h l / 0 . It is then crucial to fully control these parameters and to understand their respective effects in specific growth conditions for controlling strain engineering,relaxation and morphological evolution. The fundamental concepts of the model have been shown to be valid for the epitaxial growth of SiGe on silicon on insulator (SOI), on as grown porous silicon (PSi) and on high temperature annealed porous silicon (HTPSi). In all the situations a good agreement between the experimental results and the theoretical predictions are obtained.
More precisely, we have shown that there is almost no effect of the softness on the development of the SiGe ATG growth instability in normal experimental conditions due to the inhibiting effect of h l / 0 . This result has been evidenced for two different soft substrates, SOI (s = 0.5) and porous silicon (s = 0.1). We also demonstrated that while a soft substrate is quite ineffective, at the opposite a small tensile pre-strain (for instance on HTPSi) fully inhibits both the development of the ATG instability and the nucleation of dislocations. All the concepts developed here could be applied to many other systems and could serve to facilitate heterogeneous epitaxy on silicon.
